Rocking curves of the reflected and transmitted beams for GaAs 600 in the symmetric Bragg case were measured just below the K-absorption edge of Ga using X-rays from synchrotron radiation. Asymmetry and its reversal of the rocking curves for the transmitted beam were observed: the rocking-curve intensity in the lowerangle region of the exact Bragg angle was larger than that in the higher-angle region when the X-ray energy was 9 eV below the edge, while the asymmetry was reversed when the X-ray energy was about 6 eV below the edge. The reversal has been found to result from the change in the phase of X-ray polarizability.
I. Introduction
Asymmetry in the rocking curves of reflection for a nonpolar absorbing crystal (Bragg case) was first identified by Hirsch & Ramachandran (1950) . The reason for the asymmetry was investigated by Batterman & Cole (1964) , with the concept of the standing wavefield in the crystal. The corresponding asymmetry in the fluorescence yield near the exact Bragg angle was observed by Batterman (1964) . A reversal in the asymmetry in the rocking curves was found by Bucksch et al. (1967) , when the phase difference (8) between the real and imaginary parts of X-ray polarizability changes from 0 to n'. Fukamachi & Kawamura (1993) have modified the dynamical theory of X-ray diffraction to include the case whereby the Fourier component (Xhr) of the real part of X-ray polarizability is zero; they stated that the rocking curve in the Bragg case which is due only to Xhi of the imaginary part is much sharper than that due only to ghr" Fukamachi et al. (1994) found a new type of anomalous penetration and a nontransparent effect in the Laue case. The dispersion surface in the Laue case when Xh, = 0 has a similar form to that in the Bragg case without absorption . By tuning the X-ray energy from synchrotron radiation very close to the absorption edge of Ga and As, Fukamachi et al. (1996) investigated the asymmetry of the rocking curves in the (i) 1998 International Union of Crystallography Printed in Grcat Britain -all rights reserved symmetrical Laue case for reflections satisfying the relation F(h) = F(-h). They observed the change of asymmetry in the rocking curve for GaAs 200 near the K-absorption edges of Ga and As when 6 changes from 0 to Jr, or the other way round.
We have studied asymmetry in the rocking curves of the reflected and transmitted beams in the Bragg case by using the formulae derived by the method of Fukamachi & Kawamura (1993) . We have found that, unlike in the Laue case, the asymmetry can be seen not only in the rocking curves of the transmitted beams but also in those of the reflected beams. Reversal of the asymmetry in the transmitted beams has been observed for the GaAs 600 reflection near the K-absorption edge of Ga.
Theoretical analysis

Reflection and transmission coefficients
We define the Fourier transforms of the real and imaginary parts of the X-ray polarizability as Xhr and Xh,, respectively. The Fourier transform of the polarizability is given by
where h is a reciprocal-lattice vector. The phase difference is given by
(2)
According to the method of Fukamachi & Kawamura (1993) , the reflectivity in the Bragg case from a finite crystal (see Xu et al., 1995) is given by
where P0 is the incident intensity, Ph the diffracted intensity and Pd the transmitted intensity. Here
Journal of Applied Crystallography ISSN 0021-8898 (7, 1998 q = 1/(1 + Ix~,rl21lxhil2), 
go --xoillxh, I, 
H' = H[(sin 0t~ sin/3)/(cos 01 cos 02)],
and
where 0 B is the Bragg angle, KOr the wavenumber of the refracted wave in the crystal, /z the linear absorption coefficient, H the crystal thickness, ReB ~/2 the real part of B 1/2, ImB 1/2 the imaginary part of B1/2; the parameters X o,/3, 01 , 02 are shown in Fig. 1 .
Calculation
As shown in Fig. 2 , Xhr and Xh, are calculated near the K-absorption edge of Ga for GaAs 600. A Ga atom in the crystal is chosen as the origin, as follows. The temperature factors of Ga and As are assumed to be equal, and the value of 0.91,4, is adopted, according to the result of Kawamura & Fukamachi (1979) . The anomalous scattering factors are calculated based on three methods. As shown in Fig. 2, KF (solid line) represents the values obtained by Fukamachi et aL (1977) Sasaki (1989) , which takes the relativistic correction into account. It can be seen that the value of Xh, by the method of CLS changes abruptly at the K-absorption edge. However, the value obtained by the method of PH changes gradually across the edge and becomes zero at about 3.5 eV below the edge. The value obtained by the method of KF becomes zero at about 6.3 eV below the edge. As shown in Fig. 3 , the rocking curves of the diffracted and transmitted beams were calculated with the anomalous scattering factors of KF, at -9.0, -6.0 and -3.0 eV (3 changing from 0 to :rr). It can be seen that peaks appear in the diffracted curves and valleys in the transmitted curves. The curves are asymmetric except at the energy point of Xh~ = 0 (--6.0 eV). When Xh; > 0 or Xh, < 0, the peak of the reflected beam shifts slightly from the exact Bragg angle as indicated by arrows in Fig.   3(a) ; intensity differences between the low-and highangle sides of the transmitted beam in Fig. 3(b) are clearly seen, as indicated by the upward and downward arrows. Asymmetry in Fig. 3 changes with the sign of Xhi which corresponds to the change of the phase difference 3 (from 0 to rr). In order to observe such a change, the following experiment was carried out.
the dispersion relation f~,a by Kawamura & Fukamachi (1978). PH (dashed line) represents the values obtained by the method of Parratt & Hempstead (1954), taking into account the oscillator strength of Cromer (1965). CLS (dotted line) represents those based on the method of Cromer & Liberman (1970) calculated by
Experiment
The experiment was carried out using X-rays from synchrotron radiation at BL6C1, KEK-PF, Japan. Fig. 4 is a schematic diagram of the measuring system. The X-ray monochromatized by the Si 333 double-crystal monochromator is incident on the sample crystal of GaAs. The 600 reflected and transmitted beams in the Bragg case are simultaneously detected with a scintillation counter (SC) and a solid-state detector (SSD), respectively. The GaAs sample is 134 l.tm thick and its etch pit density (EPD) value is less than 500 cm -2.
The measured rocking curves are shown in Figs (a) 9, (b) 6 and (c) 3 eV below the Ga K-absorption edge. The half-width of the reflected beams is about 6 x 10 --4:, 10 times wider than the theoretical one. It is difficult to distinguish the peak shifts of the reflected peaks with respect to the exact Bragg angle. However, the changes in asymmetric intensities of the transmitted beams are clearly seen. The counts of the transmitted beam in the region of low incidence angle are larger than those in the region of high angle in Fig. 5 (a) and they are almost the same as in Fig. 5(b) . The former arc smaller than the latter in Fig. 5(c) : the asymmetry is reversed by increasing the X-ray energy. From the asymmetry reversal in the measured transmitted beams and in the calculated result, it is concluded that & changes from 0 to rr at 6 eV below the K-absorption edge. In Figs. 5(d), 5(e) and 5(f) are shown the corresponding calculated rocking curves with the anomalous scattering factor of KF, which are convoluted with an approximated angular distribution of the incident X-rays of a Gaussian form. The measured and calculated rocking curves agree quite well.
Discussion and summary
Asymmetry in the rocking curves and its reversal
The asymmetry and its reversal can bc related to the change of the dispersion surface. The valuc of Y in Fig. 1 is generally complex when absorption is taken into account (see e.g. Fukamachi et al., 1995) . Then Y is expressed as Y --Y' + iZ', where Y' and Z' are both real and Iz'l is proportional to the absorption coefficient lz (# = 4rrlZ'lcos0). If the diffracted intensity is plotted as a function of Y' (Fig. 6a) , we notice that the intensity is high for small I Y'I. Similarly, if the transmitted intensity is plotted as a function of Z' (Fig. 6b) , we notice that the intensity is small for large IZ'l. The diffracted intensity is closely related to I Y'[, while the transmitted intensity is closely related to Z'.
The dispersion surface under the present experimental condition is shown in Fig. 7 (a) for 6 = 0 and Fig.   7 (b) for & = 7r. In Fig. 7(a) , for a certain IWl the value IZ'l is always smaller for -IwI than for +lWl, while in Fig.  7(b) , the value is always larger for -IWI than for +lWI.
This results in asymmetry in the rocking curves and its reversal when 6 changes from 0 to n'. The asymmetry in the transmitted beams can bc seen by comparing intensities for +lWI for large IWl. The asymmetry can be easily detected with a system of angle resolution in the Si(333) double-crystal monochromator.
Critical energy point
The energy where the sign of Xhi changes is at the Kabsorption edge of Ga by the method of CLS, 3.5 eV below the edge found by the method of PH and 6.3 eV below the edge found by the method of KE The reversal of asymmetry in the transmitted beams in the symmetric Bragg case has been shown to take place at about 6 eV below the K-absorption edge of Ga for the GaAs 600 reflection. This is due to the phase change of X-ray polarizability. The measured critical energy agrees quite well with the result obtained by the method of KE This suggests that the anomalous scattering factor based on the method of KF is applicable to the determination of energy dependence of the phase reversal.
